Dietary supplementation with echium oil (EO) containing stearidonic acid (SDA) is a plant-based strategy to improve longchain (LC) n-3 (v-3) polyunsaturated fatty acid (PUFA) status in humans. We investigated the effect of EO on LC n-3 PUFA accumulation in blood and biochemical markers with respect to age, sex, and metabolic syndrome. This double-blind, parallel-arm, randomized controlled study started with a 2-wk run-in period, during which participants (n = 80) were administered 17 g/d run-in oil. Normal-weight individuals from 2 age groups (20-35 and 49-69 y) were allotted to EO or fish oil (FO; control) groups. During the 8-wk intervention, participants were administered either 17 g/d EO (2 g SDA; n = 59) or FO [1.9 g eicosapentaenoic acid (EPA); n = 19]. Overweight individuals with metabolic syndrome (n = 19) were recruited for EO treatment only. During the 10-wk study, the participants followed a dietary n-3 PUFA restriction, e.g., no fish. After the 8-wk EO treatment, increases in the LC n-3 metabolites EPA (168% and 79%) and docosapentaenoic acid [DPA (68% and 39%)] were observed, whereas docosahexaenoic acid (DHA) decreased (25% and 223%) in plasma and peripheral blood mononuclear cells, respectively. Compared with FO, the efficacy of EO to increase EPA and DPA in blood was significantly lower (;25% and ;50%, respectively). A higher body mass index (BMI) was associated with lower relative and net increases in EPA and DPA. Compared with baseline, EO significantly reduced serum cholesterol, LDL cholesterol, oxidized LDL, and triglyceride (TG), but also HDL cholesterol, regardless of age and BMI. In the FO group, only TG decreased. Overall, daily intake of 15-20 g EO increased EPA and DPA in blood but had no influence on DHA. EO lowered cardiovascular risk markers, e.g., serum TG, which is particularly relevant for individuals with metabolic syndrome. Natural EO could be a noteworthy source of n-3 PUFA in human nutrition. This trial was registered at clinicaltrials.gov as NCT01856179.
Introduction
A high concentration of long-chain (LC) 5 n-3 PUFA in human tissue is associated with a lower risk of cardiovascular disease (CVD) (1, 2) . In mammals, the plant-based n-3 PUFA a-linolenic acid (ALA; 18:3n-3), which occurs naturally in linseed oil, serves as the essential precursor of its LC metabolites EPA (20:5n-3) and DHA (22:6n-3) (3).
To meet dietary EPA and DHA recommendations, the AHA recommends the consumption of 2 servings of fish (particularly oily fish) per week (4) . However, there are problems associated with this recommendation, such as overfishing and pollution of the marine environment. Furthermore, some people either do not eat fish or have a fish protein allergy. Hence, there is a need to find alternative sources of LC n-3 PUFA for human nutrition and aquaculture feed. Promising strategies to obtain LC n-3 PUFA include the cultivation of macroalgae and microalgae (5) and metabolic engineering of LC n-3 PUFA-synthesizing transgenic plants and microbes (6) (7) (8) .
Stearidonic acid (SDA; 18:4n-3), another plant-based n-3 PUFA, is an intermediate of ALA that occurs at high concentrations in some plant families as a result of the high activity of D6-desaturase, e.g., in Primulaceae and, in particular, Boraginaceae (9) . Seed oils from echium species (Boraginaceae) are important by virtue of their uniquely high concentrations of SDA (10-15%) and ALA (30-40%), together with g-linolenic acid (GLA; 18:3n-6; 10%) (9) . The FDA declared refined echium oil (EO) as a novel food for the market, and oil from Echium plantagineum is now available as a food ingredient. EO is already used in aquaculture fish feed (10) . In humans, the ability of SDA to increase EPA in blood is clearly higher than that of ALA, presumably because it bypasses the rate-limiting D6-desaturase (11) . Although transgenic SDA-containing soybean, canola, and linseed oils have been developed in the past few years (12) (13) (14) , the consumption of SDA oils remains limited. In some regions, especially in Europe, consumer antipathy to genetically modified foods for both human nutrition and animal feed is strong (5) . For this reason, naturally occurring EO was chosen for the present study.
Metabolic syndrome comprises a cluster of cardiometabolic risk factors that include abdominal obesity, dyslipidemia, elevated blood pressure, and impaired glucose tolerance. Fish oil (FO) is known to decrease TG concentrations and improve other biochemical markers in individuals with metabolic syndrome (15) . With respect to type 2 diabetes mellitus, SDA has been proven to possess potent novel therapeutic efficacy (15) . The supplementation of EO could play a role in preventing the progression of CVD. To date, there have been no studies exploring the effects of EO in overweight individuals with the markers of metabolic syndrome.
The objective of this study was to investigate the effect of the combination of ALA, SDA, and GLA from EO on LC n-3 and n-6 PUFAs in plasma and cellular blood lipids. Several biochemical markers were also determined. The efficacy of EO was assessed in humans according to age, BMI, sex, and metabolic syndrome. Because EPA was expected to be the conversion product from SDA, EPA from FO was given to a control group.
Participants and Methods
The double-blind, parallel-arm, randomized controlled study was approved by the ethics committee of the Friedrich Schiller University, Jena, Germany (protocol no. 2270-04/08), and registered at clinicaltrials.gov as NCT01856179.
Participant recruitment and study design. A sample of 20 individuals was estimated to be required to provide >95% power at a = 0.05 to detect a difference in the primary outcome plasma EPA (PASS version 6.0; NCSS Statistical Software). Volunteers were recruited via advertisement. Patients with markers of metabolic syndrome were mainly enlisted from the diabetes research center in Jena. Individuals were assessed and enrolled in subgroups according to the study design based on information collected via the phone, a preliminary meeting, or a questionnaire.
Normolipidemic and normal-weight (BMI of 18-25 kg/m 2 ) individuals were recruited for 2 age groups: group I, 20-35 y; and group II, 49-69 y (Fig. 1) . Older, overweight individuals were recruited for EO intervention only [49-69 y; BMI > 25 kg/m 2 with markers of metabolic syndrome or BMI $ 30 kg/m 2 (EOIII); Fig. 1 ]. After the 2-wk run-in period, normal-weight individuals (n = 60) were randomly allocated to the treatment groups (FO or EO group). One third of the respective age group were administered FO, and two-thirds were administered EO (Fig. 1 ). For randomization, every third identification code was assigned to the FO group. Thus, 2 FO (FOI and FOII; each n = 10) and 2 EO (EOI and EOII, each n = 20) subgroups with similar BMI (18-25 kg/m 2 ) but different age range (20-35 and 49-69 y) and the EOIII group with older, overweight individuals (n = 20; 49-69 y, BMI > 25 kg/m 2 ) were investigated during the 8-wk intervention period (Fig. 1) . Blood samples were collected after the run-in period (day 0), as well as on days 7 and 56 of the intervention period.
Exclusion criteria were vegetarianism; veganism; daily alcohol abuse; pregnancy; lactation; chronic diseases; or treatment with blood pressure-lowering drugs, cholesterol-and TG-lowering drugs, or dietary supplements. The intake of nonsteroidal anti-inflammatories (e.g., acetylsalicylic acid) had to be avoided, and participants were instructed to use other analgesics (e.g., acetaminophen) instead and to record this in the study protocol. All volunteers were informed of the purpose, course, and possible risks of the study and gave written consent before enrollment. All volunteers completed a questionnaire on health, lifestyle, and dietary factors (e.g., fish consumption) before entering the study. At the end of the study, participants completed a protocol relating to tolerance of the study oils and medication use during the study. Compliance with the study regimen was assessed via an anonymous questionnaire and by counting the number of cups of oil consumed.
Supplemented oils. During the run-in period, all participants consumed the run-in oil with an FA distribution found in an average Western diet to obtain baseline values adapted to the daily dose of 17 g of oil during intervention ( Fig. 1 ; Table 1 ). The run-in oil was mixed into a chocolate spread and contained various fats and oils (chocolate-spread fat, coconut fat, palm oil, palm kernel fat, olive oil, and common sunflower oil in the following proportions: 40:18:10:17:10:5.
The EO group was administered ;17 g/d EO (seed oil of E. plantagineum; Incromega V3; Croda) containing 5 g of ALA, 2 g of SDA, and 2 g of GLA (Table 1 ). The FO group (control) was administered EPA-rich FO (Croda EPA-TG-500) containing 1.9 g of EPA similar to the amount of SDA in EO (Table 1) . For isocaloric supplementation in the FO group, the EPA-rich FO (;3.5 g) was mixed with a refined n-3 PUFA-free olive oil (Gustav Heess). Hence, both the EO and FO groups were administered ;17 g/d of the respective study oil (Table 1 ). All study oils contained the FA as TG. Given the generally lower intake of food by women, women were administered a slightly smaller quantity of oil than men (men, 18.5 g/d; women, 15.5 g/d). Therefore, in relation to total fat intake, both sexes were administered equal amounts of either SDA (EO) or EPA (FO) with ;0.7% of total energy intake ( Table 1) .
The study oils were divided into 4-d portions in screw-lid cups under a nitrogen atmosphere, stored in the dark at 4-7°C and exposed to oxygen only when necessary. The volunteers and scientific staff involved in the study were unaware of treatment. The oil cups were labeled using a numeric code to ensure additional blinding.
Diets. To reduce the intake of additional n-3 PUFA and linoleic acid (LA) in the diet during the 10-wk study, the volunteers were encouraged to avoid consuming the following foods: fish, FOs, n-3 PUFA-rich foods and oils (linseed and rapeseed oils), margarine, and common sunflower oil. Participants were advised to use olive oil to prepare foods. Furthermore, to reduce the variation in dietary FA intake and to allow exact calculation of FA intake before blood sampling at days 0 and 56, all volunteers were administered a defined diet for 3 successive days. This so-called standardized diet contained all foods required per participant/3 d. The standardized diet was n-3 PUFA-free and contained low amounts of LA. Individual requirements were assessed before starting the study by FFQ (7-d period) and analyzed by PRODI 4.4 (Nutri-Science). The general management of such a standardized diet and the methods used for the determination of food consumption and food components and for calculation of individual FA intake were described previously (16) .
Blood sampling. Blood samples were collected at the Institute of Nutrition in Jena. During the 3 d before each blood collection, all participants were asked to consume the supplements in the evening to achieve comparable times between intake and blood sampling. After overnight fasting, blood was collected from 0700 to 0800 by venipuncture into 2 EDTA vacutainers for plasma, peripheral blood mononuclear cell (PBMC), and RBC preparation and into lithium-heparin vacutainers for the determination of biochemical markers. EDTA blood was centrifuged (1000 3 g, 15 min), and 1 mL of plasma was taken. Afterward, the EDTA tube was remixed for PBMC isolation using Histopaque-1077 (SigmaAldrich). After aspiration of the PBMC layer, the RBCs were dispersed in PBS (0.9%) and washed 3 times by centrifugation (1000 3 g, 20 min) (17) . Plasma, RBCs, and PBMCs were stored at 280°C.
Biochemical markers. The concentrations of biochemical markers [total cholesterol (TC), HDL-C, LDL-C, TG, alanine aminotransferase, aspartate aminotransferase, g-glutamyl transpeptidase, and total bilirubin] were ascertained by enzymatic means and high sensitivity C-reactive protein (hsCRP) by ELISA according to the methods of the International Federation of Clinical Chemistry and Laboratory Medicine, using commercially available kits and the Architect C16000 (Abbott Diagnostics Division) (18, 19) . Insulin was determined in serum using a 2-site sandwich immunoassay and the ADVIA Centaur test instrument (Siemens). These variables were analyzed by the Institute of Clinical Chemistry and Laboratory Medicine, Jena University Hospital, Friedrich Schiller University. Oxidized LDL (oxLDL) was analyzed via ELISA (Mercodia) by an external laboratory (Amedes). The reference ranges of the biochemical markers were evaluated according to Thomas (20) . The criteria for metabolic syndrome were based on the National Cholesterol Education Program Adult Treatment Panel III guidelines (21) .
Anthropometric variables. Waist circumference, blood pressure, and body weight were recorded at days 0 and 56 of intervention. Multiple blood pressure values were taken after the participants had rested for 15 min (Bosch & Sohn), and the final value was the mean of these values. Body composition was analyzed using a 50-kHz frequency impedance analyzer (Data Input).
FA analyses. Preparation of plasma, RBCs, and PBMCs and lipid extraction with chloroform:methanol:water (2:1:1, v:v:v) were performed as described by Kuhnt et al. (16, 17) . FAs were methylated with methanolic boron trifluoride into FAME. After purification by TLC, FAMEs were analyzed by GC with a flame ionization detector (column DB225MS; Agilent Technologies). In all analyzed blood fractions, the same 47 FAs were integrated (C10-C24). Individual FAMEs were expressed as a percentage of total identified FAME peak areas [percentage of total FAME (% FAME)]. Samples were blinded during FA analysis. The reference standards used as FAME included the following: no. 463,674 (Nu-Check Prep); BR2, BR4, and ME93 (Larodan); Supelco 37 Component FAME Mix (Supelco); and PUFA no. 3 (Matreya). For peak integration, LabSolutions for GC was used (Shimadzu).
Statistical analyses. All statistical analyses were performed using SPSS software (version 19.0; IBM), with P < 0.05 indicating significant differences. In general, data are presented as means with their respective SDs, except for the mean changes of biochemical markers of total participants, which were shown as adjusted means with their SEMs. Data for variables that were not normally distributed according to the Kolmogorov-Smirnov test and had nonhomogeneous variance (i.e., hsCRP, TG) were log-transformed before analysis. The GLM procedure was used, and the statistical model contained control type I. The effects over time of either EO or FO treatment within the subgroups were analyzed with repeated measures for 2 (biochemical markers) or 3 (FA analysis) time points (repeated-measures ANOVA). The effects over time in the total participants were analyzed with repeated measures with age, baseline BMI, and sex as covariates (repeated-measures ANCOVA). If MauchlyÕs test showed no sphericity, the adjusted P value of Greenhouse-Geisser is presented. To test differences between the treatments at the end of the intervention at day 56 (treatment as fixed factor), the baseline value of the respective variable, age, baseline BMI, and sex were used in the model as covariates (univariate ANCOVA). All stated P values were of pairwise comparison, except for time effect over three time points in plasma and PBMC for which the overall P value for time was stated. P values were adjusted using the step-down Bonferroni method. Correlations were calculated using PearsonÕs correlation analysis. Box plots were created with SigmaPlot 12.0, and outlying symbols indicated data points outside the 10th and 90th percentile.
Results
Characteristics of study subgroups. As intended, the EO subgroups differed in terms of age (EOI < EOII = EOIII) and BMI (EOI = EOII < EOIII; Table 2 ). Significant differences were observed in anthropometric characteristics between the subgroups; e.g., higher age and BMI were associated with higher body fat, waist circumference, and blood pressure ( Table 2) . After 8 wk of intervention, BMI, body fat, and waist circumference increased similarly during both treatments because of the continuous additional calorie intake via the supplemented oils. Compared with baseline, mean diastolic blood pressure decreased with both treatments, regardless of age, BMI, and sex. There were no differences between EO and FO treatment ( Table 2 ).
Dietary intake. For those on the standardized diets (days 0 and 56), higher age and BMI were related to a greater intake of total energy, protein, fat, fibers, and cholesterol. Overall, no significant differences were seen compared with baseline or between the treatments ( Table 3) .
FA distribution of plasma and PBMCs. After 8 wk of EO treatment, the n-3 precursors ALA and SDA, as well as their 2 Adjusted mean not shown; P value is for effect over time within an oil treatment of total participants (repeated-measures ANCOVA; sex, age, BMI). 3 Adjusted mean not shown; P value is for the difference between oil treatments of total participants at day 56 (univariate ANCOVA; sex, age, BMI, baseline value).
conversion products eicosatetraenoic acid (ETA; 20:4n-3), EPA, and docosapentaenoic acid (DPAn-3; 22:5n-3), had significantly increased in all blood fractions of the EO groups (P < 0.05; RBCs not shown; Tables 4 and 5). For example, relative to baseline, ALA and SDA increased in plasma (230% and 730%) and PBMCs (87% and 387%), respectively. The mean EPA increased by 168% in plasma and 79% in PBMCs. The change in DPAn-3 was generally lower (plasma, 68% and PBMCs, 39%) but significant. Moreover, these increases varied between participants: e.g., plasma EPA, 10-328% and DPAn-3, 8-160%, respectively. The increases in EPA and DPAn-3 in both plasma and PBMCs from baseline were greater in the first week of intervention and comparatively lower between days 7 and 56. During EO treatment, DHA decreased significantly in plasma and PBMC, by 25% and 223%, respectively (Tables 4 and 5 ).
The FO group demonstrated an increase in EPA in plasma and PBMC by 533% and 497%, respectively (Tables 4 and 5 ). FO increased the DPAn-3 (106%) and DHA (30%) in plasma, whereas DHA in PBMCs remained unchanged (Table 5) .
Finally, at day 56 in the FO group, the concentrations of EPA, DPAn-3, and DHA in plasma and PBMCs were higher than those in the EO group (P # 0.018; Tables 4 and 5 ). With respect to EPA accumulation in plasma and PBMCs, compared with FO, the efficacy of EO was 30% and 20%, and for DPA accumulation, efficacy reached 65% and 40%, respectively.
The effects of EO on n-3 PUFA in plasma and PBMCs were similar in the EO subgroups and were independent of age, BMI, and sex, with the exception of EPA and DPA increases. Here, higher age and BMI were associated with lower relative increases in plasma EPA and DPAn-3 (percentage of baseline), respectively (EPA%: age, r = 20.31, P = 0.018; BMI, r = 20.42, P = 0.001; DPA%: age, r = 20.34, P = 0.009; BMI, r = 20.45, P < 0.001). This was reflected in the differences between EOI, EOII, and EOIII in plasma [EPA: 194, 173 , and 135%, P = 0.010 (Fig. 2) ; DPAn-3: 83, 65, and 56%, P = 0.016]. Hence, the overweight individuals (EOIII) showed significantly lower relative increases in plasma EPA and DPA, as confirmed by the significant time 3 BMI interaction for EPA and DPA accumulation during EO treatment for total participants (P < 0.001). In addition, the overweight individuals had lower net increases in plasma EPA (0.85 vs. 1.08 D% FAME; P = 0.039) and DPA (0.24 vs. 0.31 D% FAME; P = 0.057) than the normal-weight individuals after EO treatment (adjusted means for age and sex). No time 3 age interaction was found for plasma EPA and DPA. In PBMCs, no significant correlations and interactions were found (P > 0.05).
In the older FOII individuals, the increases in relative plasma EPA and DPAn-3 were also lower than those in the younger FOI individuals [EPA: 433 vs. 816%, P = 0.007 (Fig. 2) ; DPAn-3: 80 vs. 138%, P = 0.020]. Age and BMI were inversely correlated 1 Values are means 6 SDs. EO, echium oil; FO, fish oil. 2 Intake was significantly less in females vs. males (P # 0.05). 3 Adjusted mean not shown; P value is for the difference between oil treatments of total participants at day 56 (univariate ANCOVA; sex, age, BMI, baseline value). 4 By means of an FFQ. 5 After a 2-wk run-in period (day 0) and 8-wk intervention period (day 56); mean of the 3-d standardized diet at the end of each study period;
portions of the supplemented oils (run-in oil, treatment oils) were not included. 6 Intake was significantly greater in participants in the group aged 49-69 y vs. those aged 20-35 y (P # 0.05). Adjusted mean not shown; overall P value is for effect over time within an oil treatment of total participants (repeated-measures ANCOVA; sex, age, BMI). 3 Adjusted mean not shown; P value is for the difference between oil treatments of total participants at day 56 (univariate ANCOVA; sex, age, BMI, baseline value); EPA and DPA are log-transformed.
Echium oil increases EPA and DPA in blood 453 Adjusted mean not shown; overall P value is for effect over time within an oil treatment of total participants (repeated-measures ANCOVA; sex, age, BMI). 3 Adjusted mean not shown; P value is for the difference between oil treatments of total participants at day 56 (univariate ANCOVA; sex, age, BMI, baseline value); EPA and DPA are log-transformed.
Echium oil increases EPA and DPA in blood 455
with relative increases of plasma EPA and DPA (EPA%: age, r = 20.59, P = 0.010; BMI, r = 20.59, P = 0.010; DPA%: age, r = 20.58, P = 0.011; BMI, r = 20.63, P = 0.005). In FO groups, no significant time 3 BMI and time 3 age interactions were observed, possibly because of the smaller group and the absence of an age-matched subgroup with higher BMI. Furthermore, EO supplementation enhanced GLA in plasma and PBMCs by 235% and 82%, respectively, and also its conversion product dihomo-g-linolenic acid (DGLA; 20:3n-6) by 65% and 47%, respectively. Moreover, the plasma and PBMC GLA and DGLA concentrations of EO participants were higher than those in FO participants after intervention (P # 0.001). During EO treatment, arachidonic acid increased in plasma but decreased in PBMCs (Tables 4 and 5 ). The effects of both treatments on n-6 PUFA in plasma and PBMCs were independent of age, sex, and BMI (with the exception of age for the increase in DGLA during EO treatment).
Biochemical markers. In general, the baseline concentration of the biochemical markers differed according to age, BMI, and sex. For example, higher age was associated with higher serum concentrations of g-glutamyl transpeptidase, hsCRP, insulin, TC, LDL-C, oxLDL, and TG (P < 0.05). A higher BMI was associated with a higher concentration of insulin, oxLDL, and TG, but lower HDL-C (P < 0.05).
At the time of our analysis, 13 of the overweight participants in the EOIII group completely fulfilled the criteria for metabolic syndrome ($3 of the following criteria: waist circumference for females >88 cm, for males >102 cm; systolic and/or diastolic blood pressure $130/85 mm Hg; fasting plasma TG $1.69 mmol/L; HDL-C for males <1.04, for females <1.29 mmol/L) (21) . The other 6 participants met 2 of these criteria with at least either increased TG or low HDL-C. At baseline, the EOIII subgroup had significantly higher serum concentrations of hsCRP, oxLDL, and TG compared with their normal-weight age group (EOII), whereas compared with the younger, normalweight EOI subgroup, all analyzed biochemical markers were higher, except for HDL-C ( Table 6) .
Liver enzymes and bilirubin were within the physiologic range (20) in both study arms. Accordingly, liver dysfunction could be excluded during both treatments. Serum alanine aminotransferase and bilirubin concentration decreased during both treatments (P # 0.008). The reduction in bilirubin by EO was greater than that achieved by FO (P = 0.05).
During EO supplementation, the mean serum concentrations of insulin, TC, HDL-C, LDL-C, and TG were significantly reduced compared with baseline. These effects were independent of age, BMI, and sex, with the exception of HDL-C and oxLDL. HDL-C was not reduced by EO in females in the EOII and EOIII groups. The reduction in oxLDL during EO treatment was dependent on sex (P = 0.038) and BMI (P = 0.06). Hence, oxLDL decreased to a greater extent in individuals with a higher BMI and especially in overweight women.
After the 8-wk FO treatment, only insulin and TG concentrations decreased, regardless of age, BMI, and sex (Table 6 ). The mean TG change resulting from FO did not significantly differ compared with EO (217% vs. 29%, P = 0.14; Table 6) . Surprisingly, after the 8-wk treatment, HDL-C was only reduced by EO and not by FO; therefore, the mean changes differed by trend (25.7% vs. 1.2%, P = 0.06; Table 6 ).
In general, the net and relative increase in EPA in plasma and PBMCs showed no correlation with the reduction in serum TG with either EO or FO treatment. In addition, platelet function parameters, such as prothrombin time, activated partial thromboplastin time, fibrinogen, and antithrombin III, were unaffected by both treatments (data not shown).
Discussion
During EO supplementation, the precursors ALA and SDA rapidly increased in blood fractions. The concentrations of the LC n-3 PUFAs ETA, EPA, and DPA, which are direct metabolites of ALA and SDA, also increased significantly in plasma, RBCs (data not shown), and PBMCs. Similar increases in EPA Adjusted mean not shown; P value is for effect over time within an oil treatment of total participants (repeated-measures ANCOVA; sex, age, BMI). 3 Adjusted mean not shown; P value is for the difference between oil treatments of total participants at day 56 (univariate ANCOVA; sex, age, BMI, baseline value); hsCRP is log-transformed. 4 Values are adjusted means 6 SEMs of the change from day 0 to day 56 of total participants.
5
P value is for the difference of the change between oil treatments of total participants (univariate ANCOVA; sex, age, BMI).
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and DPAn-3 in plasma and PBMCs after EO supplementation (3-8 wk) were reported previously (22, 23) . The increase in SDA resulted from both D6-desaturation of ALA and from direct SDA intake. SDA was quickly metabolized into ETA and EPA, although SDA accumulation in cellular lipids was also detected. The daily intake of 17 g of EO with 2 g of SDA resulted in a 0.3-, 0.2-, and 0.3-fold EPA increase in plasma, RBCs, and PBMCs, respectively, compared with the FO group (1.9 g/d EPA). This confirms the effectiveness of SDA in increasing EPA in the blood compared with EPA (0.3:1) (11). The efficiency of formation of EPA from SDA as ethyl esters (1.5-4.0 g/d) was estimated to be 16-20% (24-26) , whereas EPA formation was not directly proportional over the full SDA dosage range, suggesting that conversion of SDA becomes less efficient with increasing SDA intake (27) .
In the EO groups, SDA was clearly metabolized to DPAn-3. In relation to the number of metabolic intermediate steps, EO was more efficient at increasing DPAn-3 than FO. Accumulation of DPAn-3 is important because it is a precursor of DHA and offers beneficial health effects (28) . Because n-3 PUFA intake was restricted in the study diet, the increase in EPA and DPAn-3 can exclusively be attributed to the endogenous conversion of ALA and SDA from EO. However, ALA conversion into EPA was low in previous studies (0.2-8%) (29, 30) , suggesting that SDA conversion has greater potential.
DHA is synthesized by elongation of DPAn-3 to 24:5n-3, an additional D6-desaturation to 24:6n-3, and finally b-oxidation in the peroxisomes (31) . Nevertheless, despite the increased concentrations of DPAn-3 in the EO groups, DHA concentrations were reduced in the blood fractions after EO supplementation compared with baseline (Tables 4 and 5 ). Therefore, EO could not compensate for the lack of DHA in the diet during the 10-wk study. Moreover, the high amount of ALA in EO (5 g/d) could increase the competition for D6-desaturase, which is also needed for DHA synthesis in humans. In addition, as the ALA dosage increased, ALA conversion declined (32, 33) . The restriction in dietary n-3 PUFAs and the larger study population compared with other SDA studies suggests that this decrease in DHA is of significance (11, 23, 24) .
Because LA competes with ALA for the initial D6-desaturation, high dietary LA lowered ALA conversion into LC n-3 metabolites (34) . It has been suggested that high LA intake, as in westernized countries, decreases the EPA content in tissues (35, 36) . On this basis, the study participants were asked to minimize their consumption of oils and spreads rich in LA (e.g., common sunflower oil-based products) and to use olive oil instead when possible. Therefore, the LA intake during this study (2-3% of total energy intake) was low, similar to that reported by James et al. (11) , suggesting a minor effect on ALA conversion.
The simultaneous occurrence of GLA in natural EO could interfere with the conversion of n-3 LC PUFA precursors by competition with the respective enzymes (elongase and D5-desaturase). This impeded the unambiguous evaluation of the extent to which n-3 and n-6 PUFA families influenced metabolic processes and contributed to the present results. However, the observed EPA enrichment in blood after EO intake was comparable with that after SDA supplementation alone (11, 25) . Furthermore, the increase in DGLA concentrations via GLA conversion could facilitate the anti-inflammatory potential of natural EO (37) .
In general, the FAs in PBMCs consistently reflected the changes in plasma and RBCs in this study. In most studies, PBMC FAs were only analyzed at the end of the intervention on the assumption that PBMCs were more resistant to FA intervention than plasma (11, (37) (38) (39) . In fact, FA precursors and their LC metabolites had increased in PBMCs after only 1 wk of EO and FO treatment. Another study confirmed the rapid response of FA in PBMCs after FO intake, reflecting their fast turnover time (40) . In contrast to other studies on SDA (11) and EO (23), higher proportions of SDA and ETAn-3 were detected in PBMCs, suggesting that the EO supplement containing 2 g of SDA and 5 g of ALA used in the current study promotes SDA and ETAn-3 accumulation, partly as ALA metabolites (22) .
Several factors may influence the n-3 PUFA status in humans. In addition to increasing with fish intake, concentrations of n-3 PUFAs in the blood increased with age but were lower in individuals with a higher BMI and diabetes (41) . In the current study, younger participants had a lower baseline concentration of n-3 PUFAs. Therefore, younger participants showed greater relative increases in EPA and DPAn-3 compared with older participants after EO treatment (Fig. 2) . However, the net increases in EPA and DPA were lower in younger participants compared with older participants, as confirmed by PBMCs. In contrast, n-3 PUFA concentrations at baseline did not differ between lean and overweight participants. However, during EO treatment, both the relative and net increases in EPA and DPA were lower in overweight participants compared with lean participants. Hence, lower EPA and DPA accumulation could indicate the beginning of disrupted FA metabolism. In addition, a reduction in D6-desaturase activity with increasing age (42) and limited activity of D5-and D6-desaturases is considered to be involved in the initiation and progression of atherosclerosis (43) . In this respect, a limitation of this study was that no younger overweight subgroup was included, which could have strengthened this observation. Regardless of diet, women showed higher DHA but lower EPA and DPAn-3 concentrations (42, 44) , as confirmed by the higher DHA and lower DPAn-3 concentrations in all blood fractions in the present study. However, the reduction in DHA did not differ between men and women during EO treatment. In general, previous SDA studies did not report interactions between BMI, sex, and age (11, (22) (23) (24) (25) (26) . In this study, no labeled FAs were used, and the proportions of FA in the blood fractions were dependent on various factors, such as oxidation rate, individual enzyme activity, physical activity, and hormone status. Thus, to evaluate the impact of BMI, sex, and age on LC PUFA metabolism as the primary outcome, more participants and matched subgroups would be required.
The TG-lowering effect (25-35%) of EPA and DHA supplementation has been observed in various studies (45) (46) (47) and is associated with a greater reduction in participants with a higher initial TG concentration (48) . The present 1.9 g/d EPA achieved a TG decrease of 17% in the FO group, whereas EO intake decreased TG by 9%. In participants with very high TG concentrations (4.1 mmol/L), supplementation with 15 g/d of EO decreased TG by 21% compared with baseline, although no other changes in the lipid profile were reported (22) . In contrast, in addition to the TG decrease, the present EO treatment also reduced TC, LDL-C, oxLDL, insulin, and blood pressure compared with baseline, providing additional benefits especially for participants with metabolic syndrome. In participants with metabolic syndrome, even low doses of EPA and DHA (180 and 120 mg) improved lipid profile and blood pressure compared with baseline (49) . However, both a previous study and the present study observed a TG-lowering effect by EO and FO even in participants with initially low TG concentrations (50) . In individual participants, the TG concentration remained unchanged or even increased with either EO or FO (Fig. 2) , as observed previously (22) . In contrast, the intake of only ALA (4.5 g/d) in hyperlipidemic participants achieved no reduction in TG (51) , indicating that the present effects of EO could be SDA related or may also be attributable to the combination with GLA in EO.
The underlying mechanisms of LC n-3 PUFAs are primarily related to reducing the hepatic production of VLDL, along with increased plasma lipolytic activity through lipoprotein lipasemediated clearance and increased FA oxidation mediated by PPARa activation (45, 46, 52) . EO treatment in mildly hypertriglyceridemic mice decreased plasma TG and VLDL in association with the downregulation of several genes involved in hepatic TG biosynthesis, as well as with a reduction in hepatic TG and TC, similar to the results achieved by FO (52) . Another study in mice confirmed a greater reduction in TC, VLDL, and TG by EO than by marine oils (53) . New data show that plant and marine oils affect the activation of PPARa and PPARg in a different way (54) . For instance, the effects on genes involved in FA hepatic synthesis (e.g., PPARa) clearly differed in the EO treatment (54) .
Furthermore, all cholesterol blood fractions decreased after the present EO treatment, as did mean HDL-C concentrations; such reductions were not observed with the FO treatment. FO is generally known to raise HDL-C but only minimally (3-5%) (48) . Other SDA studies observed no reduction in HDL-C compared with baseline (11, (22) (23) (24) (25) (26) . In addition, oxLDL decreased only with EO treatment, with a clear reduction in participants with metabolic syndrome, who had higher initial oxLDL concentrations. In contrast, in the smaller normal-weight FO group, oxLDL remained unchanged after 8 wk, as reported previously (50) . Accumulating evidence indicates that elevated oxLDL is a marker for coronary artery disease (55) . To our knowledge, this is the first study to have analyzed oxLDL during EO intervention. The reduction of oxLDL in EO participants could be associated with a decreased LDL protein fraction in the liver and plasma, as found in mice after EO intake (52, 53) . Furthermore, EO is naturally rich in tocopherols, which could prevent the oxidation of LDL particles.
In terms of the observed effects of EO on biochemical markers related to baseline, the higher number of participants involved in the current study was presumably responsible for the more significant effects compared with previous SDA studies (11, 22, 23) . In addition, the smaller number of participants in the control group (FO) may have precluded significant treatment effects. However, the main aim of this work was to investigate EO treatment according to age, sex, and metabolic syndrome.
Large clinical trials with moderate doses of n-3 PUFAs (1-2 g) have proved clinically beneficial by reducing the risk of CVD despite minimal changes in TG or other blood lipids (56, 57) . Overall, because SDA supplementation has been shown to effectively increase EPA in blood, it would appear that SDA has a protective role in cardiac events (24) and type 2 diabetes mellitus (15) . However, the preventive and therapeutic implications of SDA-rich EO remain to be fully determined. It is further possible that EO treatment affects eicosanoids and their derived metabolites, adipokines, and cytokines, especially in metabolic syndrome.
It can be concluded that EO effectively increases LC n-3 PUFAs, such as ETA, EPA, and DPA, in blood fractions. However, it cannot replace dietary DHA. A higher BMI was associated with lower increases in EPA and DPAn-3. EO alters the serum lipid profile, i.e., lowers TC, LDL-C, oxLDL, and TG, but also HDL-C. Those individuals at higher risk of CVD and type 2 diabetes, i.e., individuals with metabolic syndrome, would profit from a daily intake of 15-20 g of EO. EO as vegetable oil also could be a noteworthy source of n-3 PUFAs for vegetarians and vegans. Its unique combination of SDA, ALA, and GLA is considered to be relevant in health-related nutrition.
